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Abstract

:

Maintaining probiotic effectiveness represents the most important task for the development of functional foods. Gastrointestinal stability and intestinal adhesion properties comprise one criterion for probiotic selection. Here, we investigated the benefits of milk fermented with Lactobacillus casei HY2782 at different fermentation times. The probiotic strain used was L. casei HY2782 and the reference strain was L. casei ATCC393 for comparisons. The samples were fermented for 7 days at 30 °C. We determined the pH, CFU/mL, survival rate during simulated gastrointestinal digestion, adhesion ability to HT-29 cells, and gene expression of tight-junction proteins known to regulate intestinal permeability in Caco-2 cells. L. casei HY2782 exhibited significantly higher survival rates in simulated gastrointestinal digestion during long-term fermentation than L. casei ATCC393. The adhesion ability to HT-29 cells was significantly increased with L. casei HY2782 (3.3% to 8.7%) after 7 days of fermentation; however, only a slight increase was observed for L. casei ATCC393 (3.1% to 4.7%). In addition, L. casei HY2782 can significantly increase the expression of genes encoding tight-junction proteins during long-term fermentation of milk. In conclusion, we confirmed that long-term fermentation could be a novel manufacturing process for fermented milk containing L. casei HY2782 and showed the beneficial effects.
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1. Introduction


According to the International Scientific Association on Probiotics, microorganisms involved in fermented foods are defined as “live” strains that have beneficial effects on the host [1]. To provide health benefits, microorganisms must survive in sufficient numbers through the gastrointestinal tract, persist in the gut, remain biologically active and metabolically stable, and interact with the colonic epithelial cells [2]. As many varieties of fermented food-related microorganisms have probiotic properties [3], the interaction between colonic epithelial cells and administered bacteria is of interest to market players along with researchers in other fields [4]. Lactobacillus species constitute the microbiota of humans and animals and they colonize the gastrointestinal tract (GIT) and the female genital tract [5]. Lactobacillus casei is found in a variety of vegetables and fruits [6] and fermented foods [7,8,9]. L. casei has been extensively studied as a fermentation starter culture [10] and as a probiotic [11]. In particular, L. casei is a generally recognized as safe (GRAS) organism. To be useful as a probiotic strain, it can adhere to the intestinal mucosa and is able to colonize the gut [12,13]. Thus, the ability of a probiotic organism to attach to the host gastrointestinal (GI) mucosa is one of the criteria used to select probiotic microbes and is a prerequisite for temporary host colonization. High efficiency of gut colonization has been accepted as an attractive feature to prolong the intestinal retention time and the microbial beneficial effects on the host by promoting interactions with the host epithelium and immune cells [14,15]. Many studies have suggested yogurt as the most efficient product to deliver probiotics or lactobacilli to the small and large intestines without resulting in a significant loss of activity [16]. Fermented milk is a suitable carrier for probiotics and its consumption might be beneficial for improving health. In the development of probiotic-fermented milk, probiotic viability during fermentation and storage time and the interaction with the starter culture of the product and its impact on the sensory properties of the product should be considered. Yakult is prepared by adding glucose to skimmed milk and then inoculating the mixture with the lactobacillus and incubating it for 6 to 7 days at 37 °C [17]. L. casei HY2782 is used as a starter strain for Korean Yakult fermented milk products. Previous studies have shown that L. casei HY2782 has various functions such as increasing the expression of interleukin 12 in dendritic cells [18] and preventing the toxic effect induced by particulate matter [19,20]. Previous studies found that growth and metabolism mostly cease after 24 h of incubation. However, some Lactobacillus strains’ metabolism and growth can be unconnected. It is important to adjust the fermentation time since probiotic strains produce different amounts of metabolic products throughout that time [21]. Previous studies have shown that lactic acid bacteria exposed to an acidic environment for a certain period of time increase their adaptability to acids and bile [22,23]. In addition, it has been suggested that acidic stress can improve the ability of lactobacilli to adhere to intestinal cells [24]. According to a previous study, the products of secondary metabolism and peptide components produced by lactic acid bacteria during the fermentation process can increase the expression of tight-junction proteins [25].



In this study, we aimed to improve the functional properties of fermented milk with L. casei HY2782 using long-term fermentation. We measured the growth characteristics, decreasing pH, titratable acidity (TA), and viable cells in fermented milk at different fermentation times in comparison to those with L. casei ATCC393. We also confirmed the gastrointestinal tolerance, intestinal cell adhesion ability, and tight-junction protein-related gene expression in intestinal cells.




2. Materials and Methods


2.1. Probiotic Strains


L. casei HY2782 was obtained from the Korea Yakult Probiotics Library (Yongin, Republic of Korea) and L. casei ATCC393 was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA).




2.2. Preparation of the Inoculum


L. casei strains were anaerobically cultured in de Man, Rogosa and Sharpe (MRS) media (BD Difco, Sparks, MD, USA) at 37 °C for 24 h. One milliliter of an overnight culture was transferred to tubes of reconstituted skim milk (RSM; Oxoid, Basingstoke, UK) and incubated at 37 °C for 24 h. The inoculum concentration was determined on MRS agar at 37 °C for 72 h.




2.3. Preparation of Fermented Milk


To prepare 2 L of RSM for each of the two probiotic strains, 3% glucose and 10% skim milk powder were added to water and heated at 90 °C for 60 min while stirring. The milk was cooled rapidly to 30 °C and a 1% inoculum (v/v; approximately 5 × 106 CFU/mL) of each strain in aseptic RSM was inoculated aseptically and incubated at 37 °C for 7 days. Samples were taken on days 0, 1, 2, 3, 4, 5, 6, and 7 of incubation and changes in pH and TA were measured at each time point. The cell concentration of both probiotic strains was determined by counting colony-forming units (CFU) on MRS agar cultured at 37 °C for 72 h.




2.4. pH Determination


The pH of the samples was measured at 25 °C using a standard pH meter (Mettler Toledo, Zurich, Switzerland).




2.5. Titratable Acidity


The percentage TA was determined by titrating 9 g of each sample with 0.1 N NaOH using 0.5% phenolphthalein as an indicator. Results were expressed as g of lactic acid/100 g [26].




2.6. Microbial Viability


One milliliter of fermented milk with L. casei HY2782 or L. casei ATCC393 was diluted in 9 mL of sterile peptone water (Oxoid), and appropriate dilutions were plated on MRS agar (Difco BD, Sparks, MD, USA) and incubated at 37 °C for 72 h [27].




2.7. Viability of Probiotic Bacteria during In Vitro Digestion


In vitro digestion was carried out according to a previously described method [28]. Simulated salivary fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) were prepared. The liquid was heated to 37 °C prior to in vitro digestion. Then, 5 mL of fermented milk with L. casei HY2782 or L. casei ATCC393 was weighed in a 50-mL conical tube. The oral phase was performed by adding 26 μL of 0.3 M CaCl2 × 2, 976 μL of distilled water, and 4 mL of 6.55 mg/mL α-amylase solution in SSF. Then, the pH was raised to 7 by adding 1 M NaOH, and the mixture was incubated at 37 °C for 2 min with constant shaking. In the aforementioned step, the gastric phase was performed by adding 6 μL of 0.3 mol/L CaCl2 × 2H2O, 694 μL of distilled water and solution, and 9.1 mL of 0.07 mg/mL pepsin in SGF. The pH was adjusted to 3 by adding 1 M HCl, and the mixture was incubated at 37 °C for 2 h with constant shaking. In the aforementioned step, the chime was held at 37 °C with shaking for 2 h. Finally, the gastric chime was mixed with 40 μL of 0.3 M CaCl2 × 2H2O, 1.31 mL of distilled water, 2.5 mL of 160 mM bile extract, and 16 mL of 22.15 mg/mL pancreatic solution in SIF. The pH was raised to 7 by adding 1 M NaOH, and the mixture was incubated at 37 °C for 2 h with constant shaking. At the end of each step, aliquots were collected and placed on ice. The survival rates of L. casei HY2782 and L. casei ATCC393 in fermented milk were compared with those of control samples, measured as described, before digestion and at the end of each step.




2.8. Propagation and Maintenance of Cell Lines


In this study, the human colon adenocarcinoma cell lines HT-29 and Caco-2 were used. Both cell lines were purchased from ATCC. These two cell lines were cultured in Dulbecco’s Modified Eagle Medium (Gibco, Billings, MT, USA) with 10% (v/v) fetal bovine serum (FBS; Gibco, Billings, MT, USA) and 1% (v/v) penicillin and streptomycin at 37 °C and 5% CO2.




2.9. Adhesion Assay


To measure the adhesion rate of fermented milk with L. casei HY2782 or L. casei ATCC393 to HT-29 cells, a previously described method was followed [29]. The cells were dispensed into a 6-well plate at 1.0 × 104 cells/well and each sample was diluted in phosphate-buffered saline (PBS) to 1.0 × 108 CFU/mL, inoculated into each well, and incubated for 2 h at 37 °C with 5% CO2 for attachment to HT-29 cells. After the culture was completed, the cells were washed three times with PBS and treated with 0.05% trypsin-EDTA for 10 min to separate cells. The separated cells were diluted step-by-step with sterile peptone water and inoculated on an MRS agar plate. The plates were incubated at 37 °C for 72 h to count colonies (A1, CFU/mL). Fermented milk samples with L. casei HY2782 or L. casei ATCC393 cells added first to each well of the plate were also assayed (A0, CFU/mL). The adhesion rate was calculated as follows.


% adhesion ability = (A1/A0) × 100



(1)








2.10. mRNA Expression Analyses


Caco-2 cells were seeded in the wells of 6-well tissue culture plates at a density of 3 × 105 cells/well. The medium was then refreshed every 1–2 days. The Caco-2 monolayer was incubated for 21 days to differentiate. Fermented milk containing L. casei HY2782 or L. casei ATCC393 was diluted to 1.0 × 108 CFU/mL in PBS and inoculated into 6 wells. After 10 h exposure (37 °C, 5% CO2), the solution was removed and the monolayer was washed with PBS. Total RNA was extracted from the Caco-2 cells purified using the RNeasy Mini Kit (QI-AGEN, San Diego, CA, USA) with DNAse treatment according to the manufacturer’s instructions. The RNA concentration and purity were measured using a NanoDrop ND-1000 UV/Vis spectrophotometer according to the manufacturer’s instructions (NanoDrop Technologies Inc., Wilmington, DE, USA). The RNA integrity was evaluated using the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA), and only the samples with RNA integrity number ≥ 8 were used for mRNA experiments. Total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). Real-time polymerase chain reaction (RT-PCR) analysis was performed on a Quant Studio 6 Real-Time PCR system (Thermo Fisher 150 Scientific, Waltham, MA, USA) using the TaqMan Gene Expression Mastermix (Life Technologies, Austin, TX, USA). The thermal cycling condition was as follows: heat activation at 50 °C for 1 min and denaturation at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. TaqMan probes (Applied Biosystems, Foster City, CA, USA) were used to measure the following genes: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs02786624_g1), used as an internal standard, and tight-junction protein 1 (ZO-1, Hs01551871_m1), occludin (OCLN, Hs05465837_g1), claudin 1 (CLDN1, Hs00221623_m1), and claudin 3 (CLDN3, Hs00265816_s1). The 2−∆∆Ct method was employed to calculate the relative expression of each target gene. This study was conducted according to the Minimum Information for Publication of Quantitative Real-Time PCR experiments (MIQE) guidelines [30].




2.11. Statistical Analyses


All data were collected in MS Excel (version 2016; Microsoft, Redmond, WA, USA). Data are representative results of the means ± SD of three independent experiments. The differences in the relative levels were evaluated by unpaired Student’s t-tests in SPSS software (version 26; IBM, Somers, NY, USA), and those with p-values < 0.05 (*) or < 0.01 (**) were considered statistically significant.





3. Results


3.1. Acidification Capability and Growth Performance


Changes in pH and TA occurred throughout the fermentation process of L. casei HY2782 and L. casei ATCC393 due to microbial activity. Depending on the probiotic strain used, the pH of RSM decreased from 6.7 to 3.51–3.67 after 7 days of fermentation (Figure 1a). The TA of fermented milk with L. casei HY2782 or L. casei ATCC393 increased from the initial value of 0.27 to 1.89–2.31 after 7 days of fermentation (Figure 1b). Changes in the viable counts of L. casei HY2782 and L. casei ATCC393 in fermented milk were determined throughout the fermentation process. L. casei HY2782 showed the highest growth rate as well as the highest viable cell count, specifically 8.50 × 109 CFU/mL on day 2, and slightly decreased thereafter from 7.10 × 109 on day 3 of fermentation to 7.00 × 109 CFU/mL after 7 days of fermentation. For L. casei ATCC393, the highest viable cell count, 3.88 × 109 CFU/mL, was observed on day 3, which decreased slightly thereafter, from 2.13 × 109 CFU/mL after 4 days of fermentation to 3.09 × 109 CFU/mL for fermentation on day 7 (Figure 1c). Both probiotic strains did not exhibit a significantly decreased viable count with low pH and high TA during long-term fermentation.




3.2. Bacterial Survival Rate under Simulated Gastrointestinal Digestion


Fermented milk containing L. casei HY2782 or L. casei ATCC393 for various culture times was evaluated based on the simulated oral, gastric, and intestinal phases, and survival at pre-digestion was used as a control. In the oral phase, survival rates were slightly increased in L. casei HY2782 (91.2% to 99.7%) and significantly increased for L. casei ATCC393 (67.8% to 86.6%) after 7 days of fermentation compared with the survival rate at the initial phase. In the gastric phase, survival rates were significantly increased for L. casei HY2782 (27.8% to 76.1%) and L. casei ATCC393 (14.6% to 71.8%) after 7 days of fermentation compared with the survival rate at the initial phase. In the intestinal phase, survival rates were significantly increased for L. casei HY2782 (9.8% to 48.3%) and L. casei ATCC393 (8.8% to 29.4%) after 7 days of fermentation compared with the survival rate at the initial phase. L. casei HY2782 exhibited significantly higher survival rates during simulated gastrointestinal digestion and long-term fermentation (Figure 2a) in comparison to those of L. casei ATCC393 (Figure 2b). Based on these results, long-term fermentation improved the survival rate during simulated gastrointestinal digestion.




3.3. Intestinal Adhesion Ability on HT-29 Cells


The ability of L. casei HY2782 and L. casei ATCC393 to adhere to intestinal epithelial cells is one of the main criteria for the selection of probiotic strains. Prolonged mucosal adhesion time of probiotics might affect the gastrointestinal immune system and the host flora. Therefore, the ability to adhere to the intestine is consistent with the efficiency of the probiotic strain. As shown in Figure 3, the adhesion ability on HT-29 cells was significantly increased for L. casei HY2782 (3.3% to 8.7%) after 7 days of fermentation, whereas the adhesion ability was slightly increased for L. casei ATCC393 (3.1% to 4.7%) after 7 days of fermentation. Based on this result, we concluded that L. casei HY2782 might improve intestinal adhesion ability through long-term fermentation (Figure 3).




3.4. Tight-Junction-Related mRNA Expression


To investigate the molecular mechanisms underlying the effect of fermented milk with L. casei HY2782 or L. casei ATCC393 on Caco-2 cells at various fermentation times, the expression levels of genes encoding the tight-junction proteins TJP1 (ZO-1), occludin (OCLN), claudin 1 (CLDN1), and claudin 3 (CLDN3) were determined through qRT-PCR (Figure 4). The results confirmed the advantages of long-term fermentation. Increased gene expression of tight-junction proteins in Caco-2 monolayers is important for the regulation of paracellular permeability. Caco-2 cells treated with fermented milk with L. casei HY2782 or L. casei ATCC393 showed higher expression of ZO-1 (Figure 4a), OCLN (Figure 4b), CLDN1 (Figure 4c), and CLDN3 (Figure 4d) compared to that in the untreated control. The expression of ZO-1, OCLN, CLDN1, and CLDN3 showed a significant increase; specifically, ZO-1 (fold-change, 1.21 to 1.63), OCLN (fold-change, 1.29 to 2.42), CLDN1 (fold-change, 1.13 to 1.77), and CLDN3 (fold-change, 1.26 to 2.0) significantly increased with L. casei HY2782 after 7 days of fermentation. However, the same increase did not occur with L. casei ATCC393 for ZO-1 (fold-change, 1.18 to 1.19), OCLN (fold-change, 1.22 to 1.19), CLDN1 (fold-change, 1.12 to 1.28), and CLDN3 (fold-change, 1.23 to 1.22). This result showed that L. casei HY2782 increases the expression of tight-junction-related mRNA expression throughout long-term fermentation. Therefore, L. casei HY2782 might improve the intestinal barrier function.





4. Discussion


In general, each probiotic strain might have different characteristics; therefore, probiotics are used for a selection of products by comprehensively considering strain characteristics such as safety, functionality, and technical aspects [31]. For lactic acid bacteria to be characterized as probiotics, they must pass through the stomach and duodenum, reach the final target site (the intestine), and attach to the intestinal epithelial cells to function [32,33]. Probiotics can contribute to the improvement of the intestinal mucosal barrier function and have been reported to affect the formation of proteins that help the physiological barrier function of the tight-junction structure by modulating various signaling systems of intestinal epithelial cells [34,35]. For probiotics to exhibit health-promoting effects through positive interactions with the intestinal environment and intestinal epithelial cells, the ability to colonize the intestine is essential [36]. It has been reported that bifidobacteria, a representative commercial probiotic, have lost the functions necessary to colonize the human intestinal environment [37]. Therefore, when probiotics are taken orally, it is necessary to investigate their ability to survive and reach the intestine and colonize the intestinal environment. Our results suggested that L. casei HY2782 has beneficial effects such as an increased survival rate in the digestive tract, better adhesion to intestinal cells, strengthening the intestinal barrier, and protecting the mucous membrane through long-term fermentation. Previous studies have shown that when lactic acid bacteria are exposed to an acidic environment for a certain period of time, their adaptability to acid and bile increases [22,23]. It has also been suggested that acidic stress can improve the ability of lactobacilli to adhere to intestinal cells [24]. Previous studies showed that L. casei ATCC 393 possesses significant adherence capacity in vitro [38], and thus, we used it as a reference strain for comparisons, but it did not result in an increase in the intestinal cell adhesion rate and tight-junction genes with long-term fermentation. L. casei produces a large amount of exopolysaccharide (EPS) during growth [39,40]. Research has shown that EPS components protect lactic acid bacteria from being killed in the human digestive system [41]. With low temperatures and the application of glucose as the carbohydrate source, the highest amounts of EPS and the highest specific EPS production are achieved [42]. L. casei can increase the expression of adhesion junction proteins [43,44] and might increase the expression of mucin proteins [45]. A previous study showed that the products of secondary metabolism and peptide components produced by lactic acid bacteria during the fermentation process can increase the expression of the tight junction protein and the expression of mucin proteins [25]. In particular, a condition in which the intestinal permeability increases due to the loosening of the tight junction is called intestinal leakage syndrome, which causes diseases such as abdominal bloating, diarrhea, abdominal pain, and irritable bowel syndrome [46,47,48]. The long-term fermentation of L. casei HY2782 can prevent intestinal diseases by increasing the expression of genes encoding tight-junction proteins.



Recently, coating materials or encapsulation technologies for probiotics have been studied to increase the survival rate during the digestion process [49]. We hope that this study will contribute to the selection of probiotics in the functional food fields related to health. Studies have been recently conducted to identify the health benefits of probiotics and metabolomics [50]. Our findings showed the importance of controlling the fermentation time, since the L. casei HY2782 strain showed improved viability and resistance to simulated gastrointestinal digestion and intestinal adhesion ability, with enhanced expression of genes involved in tight junctions depending on the fermentation time. L. casei HY2782 produces a large amount of EPS and the adaptability to acid and bile increases strongly due to long-term fermentation. Further studies are needed to understand the production of different amounts of metabolites at various fermentation times. Moreover, additional experiments are required to elucidate the mechanisms responsible for the beneficial effects of long-term fermented milk products on human health.




5. Conclusions


Long-term fermentation processes have been reviewed to discover the efficacy of fermented milk containing L. casei HY2782. We suggest that L. casei HY2782 has beneficial properties such as improved viability, resistance to simulated gastrointestinal digestion, intestinal adhesion ability, and enhancing effects on the expression of genes involved in tight junctions with long-term fermentation periods. We believe that our study makes a significant contribution to the research on dairy products because the use of probiotics is of interest since these organisms provide health benefits and many people are presently more concerned about making healthy life choices. We hope that further studies will be conducted on the identification of metabolites and functional ingredients according to the fermentation period in order to discover various reasons why fermented milk products are beneficial to health.
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Figure 1. Physiochemical characteristics of fermented milk with Lactobacillus casei HY2782 or L. casei ATCC393. (a) pH, (b) titratable acidity (TA), and (c) total number of viable cells versus fermentation time throughout milk fermentation with L. casei HY2782 or L. casei ATCC393. Results are expressed as the mean ± SD of three independent experiments (n = 3). 
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Figure 2. Survival rate during simulated gastrointestinal digestion of fermented milk with Lactobacillus casei HY2782 (a) or L. casei ATCC393 (b). Different letters above the bars indicate statistically significant differences from each stage on day 1 of fermentation (* p < 0.05, ** p < 0.01). 
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Figure 3. Intestinal adhesion ability of fermented milk with Lactobacillus casei HY2782 and L. casei ATCC393 on HT-29 cells. Different letters above the bars indicate statistically significant differences from each sample on day 1 of fermentation (* p < 0.05, ** p < 0.01). 
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Figure 4. Relative mRNA levels of genes encoding the tight-junction proteins tight-junction protein 1 (ZO-1) (a), occludin (OCLN) (b), claudin 1 (CLDN1) (c), and CLDN3 (d) in Caco-2 cells after 10 h exposure to fermented milk with Lactobacillus casei HY2782 or L. casei ATCC393 versus fermentation time. Different letters above the bars indicate statistically significant differences from each sample on day 1 of fermentation (* p < 0.05, ** p < 0.01). 
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